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Abstract

NMDA-type glutamate receptors (NMDAR) are central actors in the
plasticity of excitatory synapses. During adaptive processes, the
number and composition of synaptic NMDAR can be rapidly modi-
fied, as in neonatal hippocampal synapses where a switch from
predominant GIuN2B- to GIuN2A-containing receptors is observed
after the induction of long-term potentiation (LTP). However, the
cellular pathways by which surface NMDAR subtypes are dynami-
cally regulated during activity-dependent synaptic adaptations
remain poorly understood. Using a combination of high-resolution
single nanoparticle imaging and electrophysiology, we show here
that GIuN2B-NMDAR are dynamically redistributed away from
glutamate synapses through increased lateral diffusion during LTP
in immature neurons. Strikingly, preventing this activity-dependent
GluN2B-NMDAR surface redistribution through cross-linking,
either with commercial or with autoimmune anti-NMDA anti-
bodies from patient with neuropsychiatric symptoms, affects the
dynamics and spine accumulation of CaMKIl and impairs LTP.
Interestingly, the same impairments are observed when express-
ing a mutant of GluN2B-NMDAR unable to bind CaMKIl. We thus
uncover a non-canonical mechanism by which GluN2B-NMDAR
surface dynamics plays a critical role in the plasticity of maturing
synapses through a direct interplay with CaMKII.
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Introduction

Glutamatergic synapses mediate most of the excitatory neurotrans-
mission in the brain, and changes in their strength have emerged
as a cellular basis for learning and memory. These adaptive prop-
erties often require the activation of ionotropic glutamate NMDA
receptors (NMDAR) and NMDAR-dependent calcium influx in the
postsynaptic compartment. In addition to glutamate and co-agonists,
activation of NMDAR requires membrane depolarization to remove
the voltage-dependent magnesium block. The combined require-
ment for glutamate and postsynaptic depolarization enables
NMDAR to detect coincident pre- and postsynaptic activity, a
prerequisite for the induction of Hebbian synaptic plasticity such
as long-term potentiation (LTP) (Collingridge et al, 2004). NMDAR
are heterotetramers resulting from various combinations of GluN1,
GIluN2A-D, and GIuN3 subunits, which confer specific biophysical
and pharmacological properties to the receptors (Cull-Candy et al,
2001). As a consequence, the presence in synapses of either
GluN2A- or GluN2B-containing NMDAR differentially influences
synaptic plasticity (Yashiro & Philpot, 2008). In the hippocampus
and cortex, the most abundant NMDAR subtypes are composed of
GluN1 subunits associated with GluN2A and/or GluN2B subunits
(Cull-Candy & Leszkiewicz, 2004). Within synapses, the ratio
between GIuN2A- and GluN2B-NMDAR is not uniform and varies
between brain hemispheres, axonal inputs, and during brain
development and synaptic refinements following sensory experi-
ence (Ito et al, 2000; Kawakami et al, 2003; Lau & Zukin, 2007;
Yashiro & Philpot, 2008; Smith et al, 2009). Thus, depending on
the physiological context, synapses adapt their GluN2-NMDAR
signaling in order to appropriately modulate their integrative
capacity.

In addition to these well-described adaptations in the GluN2A/
2B-NMDAR synaptic ratio, rapid modifications have been reported to
occur shortly after the induction of synaptic plasticity in hippocampal
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neurons from neonatal rats (Bellone & Nicoll, 2007; Matta et al,
2011). While these fast changes could be one of the keys of synaptic
metaplasticity, the cellular pathways and the adaptive role of this
rapid GluN2A/2B switch remain unknown. Here, we addressed
these issues using a combination of single nanoparticle tracking
and electrophysiology in hippocampal neurons. Within the plasma
membrane, NMDAR laterally diffuse in a GluN2 subunit-dependent
manner and thereby explore large areas around synapses (Tovar &
Westbrook, 2002; Groc et al, 2004, 2006; Bard et al, 2010). We
report that following LTP induction, the synaptic distribution of
surface GIluN2B-NMDAR—but not GluN2A-NMDAR—rapidly
changes through an increase in surface diffusion. Strikingly, this
lateral rearrangement appears to be instrumental for LTP expres-
sion. Indeed, anti-GluN1/2B subunit antibodies, originating either
from immunized animals or from encephalitis patients with memory
deficits and neuropsychiatric symptoms, acutely abolish NMDAR
surface diffusion and consequently prevent LTP at hippocampal
synapses. While the activity-dependent upregulation of GluN2B-
NMDAR surface diffusion is regulated by calcium-calmodulin-
activated kinase CaMKII and casein kinase II (CKII) activity, we
show that it also requires the direct binding of CaMKII to GluN2B.
Thus, through a direct interaction, GluN2B-NMDAR surface dynamics
control the activity-dependent recruitment of CaMKII to spines
during LTP induction in developing hippocampal networks.

Results

Synaptic GluN2B-NMDAR lateral diffusion is rapidly increased
during chemLTP in immature neurons

Although NMDAR were long thought to be rather static within
synapses, the discovery of their surface dynamics and fast signaling
changes during synaptic plasticity opened the possibility that these
receptors might undergo rapid remodeling during synaptic adapta-
tion processes. Initially, the surface diffusion of NMDAR was char-
acterized in cultured hippocampal neurons using single nanoparticle
tracking, fluorescent recovery after photobleaching (FRAP) imaging,
and electrophysiologial approaches (Tovar & Westbrook, 2002; Groc
et al, 2006, 2007a; Michaluk et al, 2009; Bard et al, 2010). It was
also recently shown in hippocampal brain slices that pre-synaptic
NMDAR laterally diffuse in the membrane (Yang et al, 2008), but
whether postsynaptic surface receptors are also mobile in slice still
remained a matter of debate (Harris & Pettit, 2007). To directly
address this challenging issue, we expressed in hippocampal
neurons the GIuN2B subunit fused to a Super Ecliptic pHluorin
(SEP) at its extracellular N-terminus (GluN2B-SEP) to isolate surface
GluN2B-NMDAR (Supplementary Methods). SEP is a pH-sensitive
variant of GFP that only emits fluorescence at neutral pH; fluores-
cence is quenched at acidic pH, such as in intracellular vesicles
(Ashby et al, 2006). We expressed GIuN2B-SEP in pyramidal
neurons from organotypic hippocampal slices through gene-gun
transfection (see Materials and Methods), then imaged brain slices
using the FRAP approach to directly measure the surface diffusion
of GIuN2B-NMDAR in apical dendrites of CA1 pyramidal neurons
(Supplementary Fig S1), and compared the corresponding mobile
fraction values with those obtained from cultured hippocampal
neurons. After photobleaching, a significant fraction of GluN2B-SEP
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fluorescence recovered in slices (~35%) (Supplementary Fig S1). In
cultured dissociated hippocampal neurons expressing GluN2B-SEP
after chemical transfection (see Materials and Methods), approxi-
mately 30% of GluN2B-SEP fluorescence recovered after 160 s
(Supplementary Fig S1). Together, these FRAP imaging data
unequivocally demonstrate that surface GluN2B-NMDAR diffuse
similarly in cultured neurons and intact hippocampal preparations.
As mentioned above, glutamatergic synapses might regulate their
NMDAR content and surface dynamics in an activity-dependent
manner. Pioneer electrophysiological experiments in brain slices
from neonatal rodents have demonstrated that shortly after LTP
induction, the synaptic GluN2A/2B-NMDAR ratio rapidly changes
(Bellone & Nicoll, 2007), suggesting that a fast trafficking of GluN2-
NMDAR is tightly coupled to the synaptic activity status. Both activi-
ties of NMDAR and mGIuRS5 receptors are required for this synaptic
activity-dependent GluN2B/2A switch and play a critical role in the
experience-dependent regulation of NMDAR subunit composition
(Matta et al, 2011). To identify the cellular mechanisms involved in
these processes, we used single-particle (quantum dot, “QD”) track-
ing in cultured hippocampal neurons to image the local surface
dynamics of GluN2A- and GluN2B-NMDAR subtypes within synaptic
areas during LTP (Dahan et al, 2003; Groc et al, 2004, 2007b). A
bath application of glycine and picrotoxin was used to promote the
synaptic insertion of AMPA glutamate receptors (AMPAR), referred
herein as chemical LTP “chemLTP” (Lu et al, 2001, 2007; Wang et al,
2008), a protocol that was shown to induce an NMDAR-dependent
increase in the synaptic content in GluA1-AMPAR and consequently
the amplitude of AMPAR-mediated miniature EPSCs (Groc et al,
2008; Petrini et al, 2009). Consistently, e LTP increased (~20% on
average) the fluorescence intensity associated with SEP-GluAl-
AMPAR inside synapses detected using Homer 1c-DsRed fluores-
cence (Fig 1A and B). QD-GluN2A- and QD-GluN2B-NMDAR were
then tracked over time within Homer 1c-DsRed-labeled postsynaptic
densities before and immediately after ¢,e, LTP induction. Under basal
conditions, synaptic GluN2A-NMDAR were less mobile and more
enriched in synapses than GluN2B-NMDAR (Fig 1C), as previously
described (Groc et al, 2006, 2007a; Bard et al, 2010). Strikingly,
GluN2B-NMDAR surface mobility was significantly increased
1-4 min following chemLTP induction in the synaptic area, which
includes the postsynaptic density and perisynaptic area (320-nm
annulus) (Fig 1D and E). This effect was (i) specific for GluN2B-
NMDAR since GluN2A-NMDAR surface diffusion remained unaf-
fected (Fig 1D and E), (ii) mostly attributable to a reduced fraction
of immobile receptors (membrane diffusion < 0.005 pm?/s), and
(iii) prevented by a bath application of the NMDAR antagonist AP5
(50 uM) (Fig 1E). Tens of minutes after .p,,LTP induction, the dif-
fusion of the remaining synaptic GluN2B-NMDAR was close to basal
value (0.03 4 0.015 um?/s, n = 10 neurons, P > 0.05 compared to
control value), indicating that the upregulation of GluN2B-NMDAR
diffusion is transient. Collectively, these data show that the induc-
tion of e, TP is associated with a rapid increase in lateral diffu-
sion of synaptic GluN2B-NMDAR in a NMDAR-dependent fashion.
We then tested whether this effect persisted independently of the
maturation stage by comparing pemLTP-induced changes in
GluN2B-NMDAR lateral diffusion in immature (7-12 div) and
mature (14-21 div) neurons. Interestingly, mature neurons did not
display chemLTP-induced upregulation in the lateral diffusion of
GluN2B-NMDAR (Fig 1F), although synapses still underwent a
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Figure 1. The surface diffusion of synaptic GluN2B-NMDAR is rapidly increased after c,emLTP in immature neurons.

A Upper panels: Representative dendritic fragments of a hippocampal neuron (13 div) expressing GluA1-SEP and Homer 1c-DsRed. Clusters of GluA1-SEP were imaged
for at least 30 min. The pseudocolor representation shows the different intensity levels of the GIuA1-SEP staining. GIuA1-SEP intensity was measured in synapses
(Homerlc cluster) before and after the induction of cnemLTP (see Materials and Methods). Note that 10 min after ,emLTP, the GluA1-SEP fluorescence intensity
increased in postsynaptic clusters. Arrows designate synapses (i.e., Homer). Bottom panels: magnifications and time-lapses of the outlined GIuA1-SEP synaptic
clusters. Scale bar = 5 um; insets = 500 nm; bottom panels = 350 nm.

B Left panel: Representative example of a GIuA1-SEP fluorescence time course before and after ,emLTP (red) or buffer (black) protocol. The average GIuA1-SEP synaptic
intensity was significantly increased after chemLTP (24 min after induction) (middle panel). Student’s t-test, ***P < 0.001. Right panel: distribution of the change in
synaptic GluA1-SEP content under control (black line, n = 364 syn. clusters) and c,emLTP (red line, n = 837) conditions. Note the right shift in the distribution,
indicating an increased proportion of synaptic GIuUA1-AMPAR after cpemLTP.

C Left: Schematic drawing of a single QD-antibody complex targeting a surface NMDAR. Right: Representative trajectories (25-s duration, 30-Hz acquisition) of surface
QD-conjugated GIuN2B- (top, green line) and GluN2A-NMDAR (bottom, blue line) in Homer 1c-GFP-labeled synaptic areas (black dotted line) in an immature
hippocampal neuron (11 div). Scale bar = 5 pm.

D Representative GIuUN2A- and GIuN2B-NMDAR trajectories during baseline and right after c,emLTP (1-4 min). Note the lateral displacement of synaptic GIuUN2B-
NMDAR after .,emLTP. The postsynaptic densities are represented by the gray shapes. Scale bar = 0.75 pum.

E Comparison of the instantaneous membrane diffusion coefficients of synaptic GIuN2A- and GIuN2B-NMDAR in different experimental conditions. Note that GIuN2B-
NMDAR membrane diffusion coefficients are significantly increased right after chemLTP (1-2 min; n = 15, *P < 0.05). This increase is prevented by a bath application
of a competitive NMDAR antagonist, AP5 (50 UM, n = 6, Mann-Whitney test, P > 0.05). GIuN2A-NMDAR membrane diffusion coefficients are not significantly
changed by chemlLTP (n = 19, P > 0.05). The symbols represent the mean + s.e.m.

F Comparison of the chemLTP-elicited change in synaptic GIuN2B-NMDAR surface diffusion (median normalized to baseline for each condition) in immature (7-12 div)
and mature (14-21 div) neurons. Bar graphs represent mean =+ s.e.m. Mann-Whitney test, *P < 0.05.
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significant increase in synaptic GluA1-AMPAR content (+11 4+ 1%, advantage of the accuracy of single nanoparticle detection properties
of GluA1-SEP in live neurons; P < 0.05) arguing in favor of a develop- (Fig 2A) (Groc et al, 2007b; Triller & Choquet, 2008), we therefore
mentally regulated process. investigated the surface distribution of GluN2A- and GluN2B-

NMDAR before and during chern LTP induction. On the representative
Synaptic GluN2B-NMDAR are laterally displaced from the synaptic areas shown in Fig 2B, a 500-frame stack was used to elab-
postsynaptic density during cpemLTP orate a map of the successive locations of either a GIuN2A- or a

GluN2B-NMDAR. The synaptic area was arbitrarily divided into two
Activity-dependent changes in GluN2B-NMDAR surface dynamics zones: the PSD and the perisynaptic area (320-nm annulus
might affect the receptor distribution in the synaptic area. Taking surrounding PSD). Consistent with electron microscopy observations
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Figure 2. Synaptic GIuN2B-NMDAR are laterally redistributed in the synaptic area following pe,LTP in immature neurons.

A Detection of a single QD (30-Hz acquisition) in our experimental conditions. The high signal-to-noise ratio (SNR) (> 5) enables the detection and location of the
signal with a high pointing accuracy (=30 nm). The QD fluorescence is quantified on a pseudocolor scale (low: red; high: yellow). Scale bar = 800 nm.

B A 500-frame stack is obtained while tracking down a single NMDAR/QD complex. On each frame, a single GIuN2B- (green) or GIuN2A- (blue) QD particle complex is
detected and precisely located within synaptic (dark gray) and perisynaptic (320-nm annulus around the synapse; light gray) areas. Those 500 locations are then
projected on a single image, providing the successive positions of this receptor/particle complex during the 500-frame stack. Note that GIluN2A-NMDAR are more
concentrated within the core of the PSD. Scale bar image = 300 nm; synaptic areas = 200 nm.

C Relative fraction of synaptic and perisynaptic GluN2-QD particles, calculated before and after chemLTP for both GIuN2B- (left) and GIuN2A-NMDAR (right) (n = 25 and
20 dendritic fields before and after nemLTP, respectively). Note the significant decrease in the relative synaptic content in GIluN2B-NMDAR particles right after
chemLTP (Student’s t-test, **P < 0.01).

D Time-lapse imaging of GIuN2B-SEP in an immature hippocampal neuron (10 div) before and after cpemLTP. The GIuN2B-SEP fluorescence was followed in glutamate
postsynaptic area (Homer 1c-DsRed; white dotted line). Homer 1c fluorescence was imaged at the beginning and at the end of the recording (35 min). Note that the
Homer 1c fluorescence intensity and area increased 35 min after chemLTP (yellow full line). Scale bar = 800 nm.

E Representative time-lapse recording of GIuN2B-SEP fluorescence within synapses (Homer 1c area) before and after buffer (gray dots) and chemLTP (green dots)
application.

F  Average GluN2B-SEP fluorescence before (basal) and 30 min after buffer (gray dot; n = 14; paired test, P > 0.05) or chemLTP (green dot; n = 23; paired Student’s t-test, **P < 0.01).

Data information: Error bars in bar graphs represent mean + s.e.m.
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Figure 3. Surface cross-linking of NMDAR specifically impairs their surface diffusion without affecting their function.

A Trajectories of single surface QD-GIuN1-NMDAR (30-Hz acquisition, 30-s duration) in hippocampal neurons in control (left) and GluN1x-link (right) conditions. A
schematic representation of the NMDAR x-link technique using primary anti-GIuN (I*™ Ab) and secondary (11>™ Ab) antibodies is shown in the middle panel. Insets:
enlarged GIuN1-QD trajectories. Field scale bar = 5 um; inset scale bar = 1 pm.

B Cumulative distribution of GIuN1-NMDAR instantaneous surface diffusion coefficients in control and GluN1x-link conditions. Note the leftward shift of the curve in
the GluN1x-link condition, indicating a slowdown of surface diffusion.

C Representative FRAP acquisition of GIuA1-SEP in control and GluN1-NMDAR x-link conditions. The circles indicate the bleached regions. Scale bar = 5 um.

D Average FRAP recovery curves of GIuA1-SEP fluorescence in control (n = 13), GIuN1 x-link (n = 3), and GIuN2B x-link (n = 4) conditions. Full lines represent the average
recovery, while dotted lines represent the mean + s.e.m. The fluorescence recovery of surface synaptic GluA1-SEP remained unaffected in all conditions (P > 0.05).

E Representative images of a hippocampal neuron in the basal condition or after glutamate (30 uM) application. The pseudocolor representation shows the different

Julien P Dupuis et al

intensity levels of the calcium indicator (Fluo4-AM, 2 pM) before and after the glutamate stimulation. Scale bar = 20 pum.
F  Average calcium intensity change (AF/FO) over time after glutamate stimulation of hippocampal neurons (n = 29).
Relative comparison (percent of basal) of a transient calcium rise induced by glutamate in control (n = 29), control + AP5 (n = 12, Student’s t-test, **P < 0.01 when

compared to control), and GluN1-NMDAR x-link (n = 21).

H Representative recordings of spontaneous NMDAR-mediated EPSC in control (black trace) or GluN1 x-link (gray trace) condition. Averaged sEPSC are shown below.

Note the perfect overlay of the averaged NMDAR sSEPSC in both conditions.

| Comparisons of NMDAR sEPSC inter-event interval, amplitude, decay, and rise times (control, n = 8; GluN1 x-link, n = 9; Student’s t-test, P > 0.05 for all parameters).

Data information: Data in (F), (G) and (I) are presented as mean =+ s.e.m.

(Shinohara et al, 2008), it could be noted that under basal condi-
tions, GluN2A-NMDAR were more concentrated in the PSD area
than GIuN2B-NMDAR. Following chemLTP induction, synaptic
GIluN2B-NMDAR were rapidly displaced toward peri- and extrasy-
naptic areas, whereas GluN2A-NMDAR remained stable (Fig 2B
and C), leading to an increased GluN2A/2B-NMDAR synaptic ratio.
These single nanoparticle detection data thus provide direct evi-
dence that during synaptic potentiation the distribution of GluN2B-
NMDAR is rapidly and locally modified. We finally confirmed these
data by imaging over time the content of surface GluN2B-SEP in
glutamate synapses (Fig 2D). Two to four minutes after chemLTP
induction, a decrease in GIuN2B-SEP fluorescence intensity was
observed within the synaptic area (Fig 2D and E), reaching a plateau
approximately 10 min after .o, LTP induction and remaining stable
over 30 min (Fig 2E). On average, oL TP induction produced a
small (15%) but significant decrease in GluN2B-SEP staining in the
PSD (Fig 2E and F). Altogether, these data indicate that the induction
of chemLTP is associated with a lateral reorganization of GluN2B-
NMDAR in the synaptic/perisynaptic area, raising the possibility that
this surface redistribution could play a role in the adaptation of
glutamate synapses in immature neurons.

An antibody directed against NMDAR specifically impairs
receptor surface diffusion without affecting its function

The fact that e, LTP induction is paralleled by a lateral redistribu-
tion of GluN2B-NMDAR does not necessarily imply that the two are
causally related. To directly test whether the lateral dynamics of
surface GluN2B-NMDAR is involved in the establishment of .o, LTP,
we first implemented an in vitro approach to artificially immobilize
surface NMDAR. To achieve this, we used a previously described
cross-linking (x-link) protocol (Groc et al, 2008; Heine et al, 2008),
in which primary antibodies directed against extracellular epitopes
of GluN subunits and then secondary antibodies directed against
the primary antibodies were successively incubated with cultured
hippocampal neurons (Fig 3A). We first quantified the effect of
GluN1 x-link on GluN1-NMDAR surface diffusion using single
QD-GIuN1 tracking. Applying a GluN1 x-link (20 min) onto
hippocampal neurons significantly reduced the surface diffusion of
GluN1-NMDAR, as attested by a leftward shift in the cumulative

The EMBO Journal Vol 33| No 8| 2014

distributions of GluN1-NMDAR diffusion coefficients (Fig 3A and B)
and a significant increase in the fraction of immobile GluN1-NMDAR
from 52 to 75% in the presence of GluN1 x-link (Fig 3B). Because a
single QD can potentially interact with several antibodies, we used a
complementary approach to ascertain the impact the x-link proce-
dure on receptor surface diffusion which consisted in performing
fluorescent recovery after photobleaching (FRAP) experiments in
hippocampal neurons transfected with GluN1-SEP. Applying
anti-GluN1 subunit and secondary antibodies significantly increased
the fraction of immobile surface GluN1-NMDAR (from 36 to 50%)
(Supplementary Fig S2). To note, performing an anti-GluN2B subunit
x-link had a similar impact on surface diffusion of GluN1-NMDAR
(Supplementary Fig S2). Since a fraction of the GluN1-SEP subunits
recovered in these conditions, we also tested the impact of an anti-GFP
x-link protocol that targets with a very high efficacy surface GluN1/
2B-SEP. Consistent with the endogenous receptor data, this protocol
immobilized approximately 60% of GluN1-SEP (Supplementary Fig
S2). Importantly, neither the anti-GluN1 nor anti-GluN2B subunit
x-link changed the GluA1-SEP (AMPAR) surface FRAP (Fig 3C-D),
indicating that both the GluN1 and GIuN2B x-link protocols specifi-
cally impair the surface diffusion of NMDAR without affecting AMPAR.

We next investigated the impact of the GluN1 x-link protocol on
the synaptic NMDAR content and function. To this end, we first
tested whether GIuN1 x-link (30—60 min) altered the GluN1-NMDAR
synaptic content by measuring the fluorescence of synaptic GluN1-
SEP clusters (co-localizing with Homer 1c) in the absence or pres-
ence of extracellular anti-GluN1 antibodies. The GluN1-NMDAR
content in Homer 1c clusters was not significantly altered after
GluN1 x-link (Supplementary Fig S3), indicating that the reduction in
GluN1-NMDAR surface dynamics does not alter the synaptic pool of
NMDAR. We have previously shown that a x-link of GluA1-AMPAR
does not affect the amplitude, kinetics, and single channel conduc-
tance of AMPAR synaptic currents (Heine et al, 2008). Similarly, to
ascertain that NMDAR channel function was not impaired by the
GluN1 x-link procedure, we first monitored NMDAR-dependent
calcium changes in hippocampal neurons by briefly applying gluta-
mate (30 uM) in the presence of a cocktail of AMPAR, mGluR,
Na* channel, and L-type Ca®* channel antagonists (Fig 3E and F).
The calcium rise observed in these conditions was fully blocked in
the presence of APS, confirming its NMDAR dependency (Fig 3G).

© 2014 The Authors
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Notably, the NMDAR-mediated calcium rise was not affected by
the presence of GluN1 x-link (Fig 3G), indicating that the binding
of extracellular antibodies to surface NMDAR subunits does not
affect the calcium-permeant properties of NMDAR. Finally, we
recorded spontaneous NMDAR-mediated EPSCs from neurons
exposed to GluN1 x-link (30-60 min) and compared the sEPSC
inter-event interval, amplitude, and kinetics with control condi-
tions. Neither of these parameters was altered by GIluN1 x-link,
confirming that the NMDAR-mediated currents and synaptic con-
tent were not modified by the GluN1x-link procedure (Fig 3H and I).
Altogether, these data demonstrate that the surface dynamics of

© 2014 The Authors

NMDAR can be artificially, efficiently, and specifically reduced
using antibodies directed against extracellular epitopes and that
this x-link protocol does not alter receptor activity, synaptic
content, or basal transmission within this time period.

NMDAR surface dynamics is required to enable ., LTP in
hippocampal cultured neurons

Whether the yemLTP-associated in GIluN2B-NMDAR
surface diffusion and distribution are consequential or causal to
chemL TP induction is an important question. To directly address this

changes
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point, we measured the relative content of GluA1-SEP (AMPAR) in
Homer 1c clusters during e LTP induction in the presence or
absence of GluN x-link. As reported above, synaptic GluA1-SEP
fluorescence was stable over time (Fig 1A) and GIuN1 x-link alone did
not alter the synaptic content in GluA1-AMPAR (Fig 4A). Strikingly,
reducing GluN1-NMDAR surface diffusion by GIluN1 x-link com-
pletely prevented the e, LTP induction, affecting both the expected
increase in the synaptic content in GluA1-SEP-AMPAR and the num-
ber of “potentiated” synapses (those in which the GluAl subunit
content is increased by > 2 s.d. above the average basal receptor
content) (Fig 4B-D). Since chemLTP induced a specific change in
GluN2B-NMDAR lateral distribution, we then specifically immobi-
lized surface GluN2B-NMDAR using a GIuN2B x-link protocol.
This procedure prevented .., LTP induction as efficiently as the
GluN1-NMDAR x-link (Fig 4B-D). Because these data were obtained
in neuronal preparations containing a low level of glial cells, which
could possibly bias synaptic adaptation processes (Henneberger
et al, 2010), we then confirmed the effect of GluN x-link on ¢ LTP
in hippocampal cultures containing astroglia (Supplementary Fig S4).
Finally, GluN1- and GluN2B-NMDAR x-link protocols also blocked
chemLTP-induced increase in the synaptic content of endogenous
GluA2-AMPAR as measured by immunocytochemistry (Fig 4E and
F). A prediction from the imaging data is that preventing GluN2A-
NMDAR surface diffusion should not alter the AMPAR (e L TP
since  GluN2A-NMDAR dynamics was not altered by activity.
Consistently, GluN2A-NMDAR x-link protocol did not prevent the
potentiation of glutamate synapses after chemLTP (24 £ 4% of
potentiated synapses after che,LTP, n =9, P <0.001). Finally, we
tested whether another LTP protocol is sensitive to GluN x-link. We
used a forskolin/rolipram cocktail that promotes an increase in
intracellular cAMP levels through the activation of adenylyl cyclase
and the inhibition of cAMP phosphodiesterase activity, part of the
early phase being independent of NMDAR (Lu & Gean, 1999;
Otmakhov et al, 2004a,b). The forskolin/rolipram protocol rapidly
potentiated GluA1-AMPAR in glutamate synapses, and this process
was not prevented by the application of GluN1-NMDAR x-link
(Fig 4G). Thus, glycine-induced LTP is sensitive to NMDAR cross-
linking, while a forskolin-induced one is not.

Altogether, these data demonstrate that reducing specifically
GluN1/2B-NMDAR surface dynamics blocks NMDAR-dependent
AMPAR (e L TP in hippocampal glutamate synapses.

Ex vivo and in vivo acute blockade of NMDAR surface dynamics
prevents LTP in CA3-CA1 hippocampal synapses

Although we demonstrated that reducing GluN1-NMDAR surface
dynamics prevents cpemLTP-induced NMDAR-dependent AMPAR
potentiation in vitro, the question remained whether similar mecha-
nisms would also participate in NMDAR-dependent LTP induction
in ex vivo brain preparations. To address this point, we first
recorded fEPSP evoked by stimulation of the Schaffer collaterals in
the CA1 area of acute hippocampal slices from young animals (P15—
20). In control conditions, five trains of 20 impulses at 100 Hz
induced a robust LTP visible as an increase in the slope of the fEPSP
(Fig 5B-D). Interestingly, acute incubation of the slices with anti-
GluN1 subunit antibody x-link preparation (Fig 5A) reduced by half
the magnitude of LTP (Fig 5C and D). Indeed, the mean fEPSP slope
20-25 min after the LTP-inducing trains was increased when
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compared to the baseline (157 £+ 13.5%, n = 8), whereas it was sig-
nificantly lower following 45 min of incubation in rabbit polyclonal
antibodies directed against GluN1 (120 = 6%, n =8). To note,
GluN1-NMDAR x-link by itself did not alter the fEPSP magnitude
over time (Fig 5C and D). Since we observed a developmental down-
regulation of the activity-dependent increase in GluN2B-NMDAR
lateral dynamics, we performed the same experiment in older hippo-
campal preparations (P31-45). Consistent with the imaging data,
GIuN1-NMDAR  x-link produced a weaker effect in adult
preparations, that is, a non-significant reduction in the magnitude
of LTP (Fig 5D). Thus, these data indicate that GluN1-NMDAR
x-link strongly impairs LTP in acute hippocampal slices, an effect
more pronounced in immature hippocampal networks.

Since anti-GluN1 subunit antibodies may not fully penetrate and
invade acute slices by bath incubation, we then performed in vivo
hippocampal stereotaxic injections of either a buffer, control goat
anti-rabbit IgG, or GluN1 x-link (Fig 5E; see Materials and Methods)
in young rats (P10-15), and recorded evoked AMPAR-mediated
EPSC in CA1l pyramidal neurons from acute hippocampal slices
prepared 1 h after injection. To note, the injection procedures did
not alter the overall amplitude of AMPAR-mediated EPSC (control:
114 £ 6 pA, n = 6; control IgG: 123 £ 6 pA, n = 7; GluN1 x-link:
118 £ 8 pA, n=7; P> 0.05), indicating that the presence of IgG
(control and anti-NMDAR) does not modify basal synaptic transmis-
sion and that GluN1 x-link per se does not affect the content of func-
tional synaptic AMPAR. We then used a pairing protocol to elicit
NMDAR-dependent LTP at CA3-CA1 synapses in the three different
paradigms. In control condition, pairing induced a persistent
increase in EPSC amplitude (Fig SF-H), which was prevented by a
bath application of the NMDAR antagonist AP5 (50 uM; not shown).
However, consistently with the imaging data, GluN1 x-link fully
prevented LTP expression (Fig SF-H). To note, injecting goat anti-
rabbit IgG did not affect LTP expression (Fig 5F-H), nor did injecting
anti-NMDAR IgG in the vicinity of the hippocampus (i.e., entorhinal
cortex; not shown). Altogether, these electrophysiological data
demonstrate that GluN1 x-link prevents LTP in the CA1 hippocampal
circuitry ex vivo, strengthening the non-canonical and primary role of
fast NMDAR surface reorganization during NMDAR-dependent
synaptic plasticity processes.

Anti-NMDAR autoantibodies from patients with cognitive
deficits acutely prevent synaptic potentiation without affecting
NMDAR function

While the GIuN1/2B x-link experiments clearly support a role for
NMDAR surface dynamics in synaptic plasticity, the physiological
relevance of an artificial x-link of surface receptors had to be
addressed. Interestingly, autoimmune synaptic encephalitis is a
recently described human brain disease leading to neuropsychiatric
syndromes through inappropriate brain—autoantibodies interactions
(Moscato et al, 2010; Vincent et al, 2010). The most frequent form
of synaptic autoimmune encephalitis is associated with autoantibod-
ies directed against extracellular epitopes of the GluN1-NMDAR,
with patients first suffering from short-term memory deficits and
later from neuropsychiatric symptoms (Dalmau et al, 2007, 2008;
Chapman & Vause, 2011). Immunotherapy leads to rapid recovery,
indicating that the interplay between NMDAR autoantibodies and
network functions is reversible (Lee et al, 2009; Dalmau et al,

© 2014 The Authors
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Figure 4. The surface cross-linking of NMDAR blocks cpemLTP.

A

Comparison of the GluA1-SEP fluorescence within synapses (white dotted circle) in spines from control (n = 786 synapses), GIuN1 x-link (n = 1324), or GIuN2B x-link
(n = 987) condition. The dendritic shaft is indicated by the arrow head. Scale bar = 1 um. The bar graphs represent the mean value + s.e.m.

Time-lapse imaging of spine areas containing GIuA1-SEP (white dotted circle) from immature hippocampal neurons in control (no stimulation), chemlTP,
chemLTP + GIUN1 x-link, and chemLTP + GIUN2B x-link conditions. The pseudocolor representation shows the different intensity levels of the GluA1-SEP staining.
Scale bar = 1 pm.

Comparison of the normalized GIuA1-SEP fluorescence intensity within synapses in control (n = 786 synapses), chemLTP alone (n = 1324, ***P < 0.001 when
compared to control), chemLTP + GIUN1 x-link (n = 736, P > 0.05), and chemLTP + GIUN2B x-link (n = 966, P > 0.05) conditions. ANOVA followed by Newman-Keuls
Multiple Comparison Test.

Comparison of the percentage of potentiated synapses in control (n = 364), chemLTP alone (n = 837, ***P < 0.001), chemLTP + GIUN1 x-link (n = 312, P > 0.05), and
chemLTP + GIUN2B x-link (n = 472 syn. clusters, P > 0.05) conditions. ANOVA followed by Newman-Keuls Multiple Comparison Test.

Representative image of surface GluA2-AMPAR (green) and postsynaptic density protein Shank (red) immunostaining. Scale bar = 5 um. Right panel, GluA2-SEP
fluorescence was detected in spines in control, GIuN1 x-link, and GIuN2B x-link, before and after cpemLTP. Scale bar = 500 nm.

Quantification of GluA2-AMPAR content in synapses. As for GIUAL-AMPAR, cemLTP (n = 98 dendritic fields) increased GluA2-AMPAR synaptic content. This was
blocked in GIuN1- (n = 24 dendritic fields) and GIuN2B-NMDAR (n = 6 dendritic fields) x-link conditions when compared to their respective control conditions

(n =113, n = 19 and n = 12 dendritic fields, respectively). ANOVA followed by Newman-Keuls Multiple Comparison Test, ***P < 0.001.

Bar graph: Comparison of the GIuA1-SEP fluorescence content within synapses in control (n = 370 synapses), forskolin/rolipram (FSK/Rol.; n = 550 synapses;
*P < 0.05), and FSK/Rol. + GluN1 x-link (n = 558 synapses; *P < 0.05) conditions. ANOVA followed by Newman-Keuls Multiple Comparison Test. Data are presented
as mean =+ s.e.m. Top panels: representative images showing increased GluA1-SEP fluorescence within synapses (white dotted circles) after forskolin/rolipram
application. Scale bar = 2.5 um.
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Figure 5. Acute GIuN1-NMDAR x-link prevents LTP at CA3-CA1 synapse in rat hippocampal slices.

A-C Slices from P15 to 20 Wistar rats were incubated in a regular (control) or anti-GluN1-supplemented ACSF (x-link GIuN1) for 45 min prior to fEPSP recordings (A).
Average field responses in various conditions are represented (B). A robust LTP, as measured by the slope of the fEPSP, was induced by five trains of 20 pulses at
100 Hz (C). LTP amplitude decreased over the first 5 min before reaching a stable plateau. Cross-linking the GIuN1 subunits with antibody substantially
decreased LTP amplitude. There was no difference in fEPSP slope between control (n = 8) and x-link GluN1 (n = 8) under basal condition (P > 0.05). Recordings
without LTP-inducing trains either in GIuN1 x-link or in control ASCF did not change over time.

D Mean normalized fEPSP slope after 100-Hz stimulation in control (n = 8; open bar) and GIuN1 x-link (n = 8; red bar) conditions from P15 to 20 (Student’s t-test,
*P < 0.05 between control and GIuN1 x-link conditions) and P31-45 rats.

E Schematic description of the stereotaxic injection of rabbit anti-GIuN1 polyclonal antibodies or goat anti-rabbit 1gG (0.4 pg/pl) into the dorsal hippocampus. Right
panel: representative example of a rat hippocampal slice showing the antibody injection site labeled with black ink.

F GluN1 x-link prevented NMDAR-dependent pairing-induced LTP at CA3-CA1 synapses from P10 to 15 rats. Representative EPSC traces recorded during the
baseline (gray) or 25-30 min after the induction protocol in control condition (black) or following stereotaxic injection of rabbit polyclonal antibodies directed
against GIuN1 (X-link, red) or goat anti-rabbit IgG (control IgG, light brown).

G Average time course of the pairing-induced LTP. Normalized EPSC amplitudes (normalization to the mean amplitude of EPSCs recorded during baseline acquisition)
are plotted against time for control (black, n = 6), x-link (red, n = 7), and control IgG (light brown, n = 7) conditions. Data are presented as mean =+ s.e.m.

H Mean of normalized EPSC amplitudes at baseline or 25-30 min after application of the pairing protocol in control condition (black; 260 + 9.7%, n = 6), or following
stereotaxic injection of rabbit polyclonal antibodies directed against GIuN1 (x-link, red; 109.1 + 3.8%, n = 7) or goat anti-rabbit IgG (control IgG, light brown;
2189 + 4.6%, n = 7). GIuN1 x-link prevented NMDAR-dependent LTP expression (control versus x-link, P < 0.0001; control IgG versus x-link, ***P < 0.0001).
ANOVA followed by Newman-Keuls Multiple Comparison Test. Bars represent mean + s.e.m.

2011). The autoantibodies recognize an identified extracellular Gleichman et al, 2012; Mikasova et al, 2012). Here, we purified IgG
epitope of the GluN1 subunit leading to massive GluN1/2-NMDAR against NMDAR from cerebrospinal fluid of encephalitis patients
surface content changes (Dalmau et al, 2008; Hughes et al, 2010; (Fig 6A) (Manto et al, 2007) and tested their acute impact on
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chemL TP induction. As it has been previously and thoroughly
demonstrated (Dalmau et al, 2008; Hughes et al, 2010; Gleichman
et al, 2012; Mikasova et al, 2012), we here simply confirmed that
patients’ IgG recognize GluN1 subunits in hippocampal neurons
(Fig 6A), prevent NMDAR surface diffusion as assessed by GluN2B-
NMDAR diffusion (Fig 6B), and do not affect NMDAR channel
function by showing that glutamate-induced NMDAR-mediated
calcium bursts were not affected in the presence of IgG (Fig 6C). We
then incubated neurons with purified patient or control IgG for
20-25 min, induced e, LTP, and monitored changes in GluAl-
AMPAR synaptic content over time. In the control IgG condition, the

The EMBO Journal

synaptic content in GluA1-AMPAR (comparison between neurons,
Fig 6D; comparison between clusters, +11 £+ 3% after chemLTP,
n = 96 clusters, P < 0.01) and the number of potentiated synapses
increased after .o LTP, consistent with our previous results (Fig 4).
It could be noted that we here compared GluAl cluster. However,
patient IgG directed against NMDAR acutely prevented cpe,LTP
expression as the synaptic content in GluAl1-AMPAR and the
percentage of potentiated synapses remained unchanged (Fig 6D),
as early as 10 min after autoantibody incubation. Consistent with
this result, patient IgG were similarly reported to acutely (5- to 10-
min exposure) block theta burst-induced LTP at CA3-CA1 synapses
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Figure 6. Antibodies against extracellular epitopes of NMDAR from autoimmune encephalitis patients acutely prevent e, LTP.

A Schematic diagram of the anti-NMDAR IgG isolation procedure from anti-NMDAR encephalitis patients. The cerebrospinal fluid (CSF) was collected and 1gG were
purified for in vitro imaging experiments. Lower panels: note the high co-localization of surface staining from surface patient anti-NMDAR 1gG (“sPat. IgG,” green)

and commercial anti-GluN1 antibodies (sGIuN1, red). Scale bar = 1 um.

B Representative GIuN2B-NMDAR-QD trajectories from neurons incubated either with control or with patient IgG. Note the massive reduction in surface dynamics.

Scale bar = 250 nm.

C Representative images of hippocampal neurons in the basal conditions or after glutamate (30 uM) application. The pseudocolor representation shows the different
intensity levels of the calcium indicator (Fluo4-AM, 2 puM) before and after the glutamate stimulation. Neurons were incubated either with no 1gG, controls 1gG
(Cont. IgG), or patients IgG (Pat. IgG). Scale bar = 20 um. Right panel: Average calcium intensity change (AF/FO) over time after glutamate stimulation of
hippocampal neurons in no 1gG, controls 1gG (Cont. I1gG), or patients 1gG (Pat. IgG) conditions.

D Hippocampal neurons expressing either GIUN1-SEP or GIuAl-SEP were incubated with IgG (5 pug/ml) either from control or from anti-NMDAR patients for
20-25 min. Note that patient IgG do not affect GIuN1-SEP distribution. Neurons were stimulated with a chemLTP protocol and each synaptic GIuA1-AMPAR cluster
was followed over time. Note that chemLTP increased the intensity of GIuA1-SEP in synaptic clusters (arrows) only in control IgG condition. Scale bars = 1 um. Lower
panels: Quantification of the GIuA1-AMPAR synaptic content and percentage of potentiated GIuA1-AMPAR synapses in control or patient IgG conditions. For each
neuron, GluAl synaptic fluorescence intensity was quantified before and 10-15 min after cpemLTP. The GIuUA1-AMPAR synaptic content and percentage of
potentiated GluA1-AMPAR synapses significantly increased in control condition (n = 6 neurons; Student’s t-test, *P < 0.05 for GluAl synaptic content, **P < 0.01 for
the percentage of potentiated GIuAl synapses) but not in the presence of patient IgG (n = 9, P > 0.05 in all parameters). ANOVA followed by Newman-Keuls

Multiple Comparison Test. Bars represent mean = s.e.m.

© 2014 The Authors
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(Zhang et al, 2012). Together, these results show that anti-NMDAR
autoantibodies, which induce memory deficits and neuropsychiatric
symptoms in a titer-dependent manner in patients, acutely prevent
LTP induction.

The activity-dependent alteration of GIuN2B-NMDAR surface
dynamics is regulated by CaMKII activity and direct binding to
GluN2B subunit

Intracellular signaling molecules, such as protein kinases, are
strongly implicated in the trafficking of NMDAR and induction of
NMDAR-dependent forms of LTP (Chen & Roche, 2007). To assess
their potential involvement in the e, LTP-elicited increase in lateral
diffusion of GluN2B-NMDAR, we tracked receptors before and during
chemL TP in the presence of either the Ca®*/calmodulin-dependent
protein kinase II (CaMKII) inhibitors KN93 (20 uM), AIP2 (5 uM),
KN62 (5 uM), the protein kinase A inhibitor KT 5720 (10 uM), the
protein kinase C inhibitor Go 6976 (10 uM), or the casein kinase 2
(CKII) inhibitors TMCB (10 uM) and TBB (10 uM). While the
chemLTP-induced increase in GluN2B-NMDAR mobility was not
affected by KT 5720 or GO 6976, it was fully blocked by the appli-
cation of KN93, AIP2, KN62, TBB, or TMCB (Fig 7A and B). It
could be noted that a short pre-incubation with TBB (10 min,
10 M) was not sufficient to prevent the effect (not shown), and
only pre-exposure longer than 4 h was effective (Sanz-Clemente
et al, 2010). Thus, among the protein kinases listed above, CaMKII
and CKII activities, which are required for GluN2B-NMDAR synaptic
trafficking and LTP induction (Lisman et al, 2002; Sanz-Clemente
et al, 2010), appear to be involved in the activity-dependent upregu-
lation of GluN2B-NMDAR lateral diffusion. Of interest, activation of
the metabotropic glutamate receptor 5 (mGIuR5) has been reported
to be required for the activity-dependent GluN2B/2A switch (Matta
et al, 2011). We tracked GluN2B-NMDAR before and during chemLTP
induction in the presence of MPEP (10 uM) or MTEP (10 puM), two
selective non-competitive antagonists of mGluRS. Blocking mGIuR5
activity during .. LTP prevented the increase in lateral diffusion of
GIuN2B-NMDAR (MPEP, n = 1,200 trajectories, P > 0.05; MTEP,
n = 5,777 trajectories, P > 0.05), further supporting a role of
mGluRS5 in this process.

When we examined the impact of CaMKII and CKII activities on
GluN2B-NMDAR surface diffusion, it appeared that CaMKII is deeply
involved in the regulation of the basal dynamics of both extrasy-
naptic and synaptic GluN2B-NMDAR, whereas CKII seems to play
a limited role (Fig 7A and C). A further exploration of the behavior
of surface GluN2B- and GluN2A-NMDAR using a single molecule
approach (Groc et al, 2007b; Groc & Choquet, 2008) confirmed that
CaMKII inhibition strongly reduces the dynamics of synaptic
GluN2B-NMDAR, while it has no effect on synaptic GIuN2A-
NMDAR (Supplementary Fig S5). In addition to phosphorylation,
CaMKII has been shown to directly interact with the C-terminal tail
of the GluN2B subunit, and this interaction regulates the intracellu-
lar trafficking of GluN2B-NMDAR (Barria & Malinow, 2005). To
evaluate whether this direct interaction could also impact the
surface diffusion of GluN2B-NMDAR, we took advantage of a dual
point mutation (R1300Q/S1303D) in GIluN2B, which blocks the
binding of CaMKII (Strack et al, 2000). When compared to wild-
type, GluN2B-RQ/SD surface diffusion in the synaptic compartment
was significantly reduced (Fig 7C), suggesting a prominent role of
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the GluN2B/CaMKII interaction in the regulation of GluN2B-
NMDAR dynamics within synaptic areas. One could thus speculate
that this interaction might play a role in the activity-dependent
regulation of GluN2B-NMDAR in synapses. To address this point,
neurons were transfected with either wild-type GIuN2B-SEP or
GIluN2B-RQ/SD and these receptors were tracked within synaptic
areas before and after .pe,LTP. Strikingly, the absence of direct
interaction between GIuN2B-NMDAR and CaMKII prevented the
activity-dependent  upregulation of GluN2B-NMDAR surface
dynamics (Fig 7D and E), indicating that besides phosphorylation,
CaMKII directly contributes to the fast lateral redistribution of
GluN2B-NMDAR during LTP through their physical interaction.

GluN2B-NMDAR surface dynamics directly impact on CaMKII
trafficking to spines

How could a reduced NMDAR surface diffusion prevent LTP induc-
tion without altering the receptor synaptic content or biophysical
function? We demonstrated above that the activity-dependent lateral
redistribution of GluN2B-NMDAR depends on the activation and
direct interaction with CaMKII, which by itself is critical for the
induction of LTP. Once activated by calcium entry through NMDAR,
CaMKII is translocated to spines and becomes enriched in the PSD
(Shen & Meyer, 1999; Bayer et al, 2001; Otmakhov et al, 2004b),
where it is stabilized over time (Sharma et al, 2006). Interestingly,
the direct interaction between CaMKII and GluN2B plays a promi-
nent role in LTP and memory functions (Bayer et al, 2006;
Sanhueza et al, 2011; Halt et al, 2012; Lisman et al, 2012). Based on
these studies and our data, one may expect that through their direct
interaction, the upregulated surface dynamics of GluN2B-NMDAR
might directly contribute to the reorganization of CaMKII during
LTP. To address this question, we took advantage of the x-link pro-
tocol to specifically alter NMDAR surface dynamics while imaging
CaMKII trafficking. We first tested whether the x-link procedure by
itself affected the GluN2B/CaMKII interaction using a co-immuno-
precipitation assay. We report that GluN1 x-link does not alter the
interaction between GluN2B and CaMKII (o form), as well as with
the phosphorylated CaMKII-Thr286 form (Fig 8A). We also tested
the impact of GIuN1 x-link on CaMKII basal content and reported no
significant change in CaMKII enrichment in spines (basal: 2.3 £+ 0.2
a.u., n = 7; x-link GluN1: 2.4 + 0.2 a.u.,, n = 7; P > 0.05). We then
assessed the impact of GluN1 x-link on the evolution of CaMKII
content in spines before and after ¢, LTP. Consistent with the litera-
ture, chemLTP increased the CaMKII content in spines (10-15 min
after induction) (Fig 8B). Surprisingly, GluN1x-link prevented this
increase and it even produced a significant reduction in the spine
CaMKII content (Fig 8B), indicating that NMDAR surface diffusion
influences the CaMKII content in spines and suggesting a functional
link between the NMDAR surface dynamics and CaMKII redistribu-
tion. To further address this point, we investigated whether NMDAR
x-link affects the intracellular trafficking of CaMKII before and after
chemL TP induction. The intracellular dynamics of CaMKII-GFP was
imaged in dendritic spines using the FRAP approach (Fig 8C-D, Sup-
plementary Fig S6). Shortly after .o, LTP induction (5-15 min), the
mobile fraction of CaMKII-GFP increased significantly to 126% of its
basal value (Fig 8D, Supplementary Fig S6A), consistent with an
increased flux of CaMKII to spines. However, when ., LTP was
applied to neurons exposed to GluN1x-link, the mobile fraction of

© 2014 The Authors
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Figure 7. Regulation of GluN2B-NMDAR surface dynamics by CAMKII and CKII activities.

A Representative trajectories (25-s duration, 20-Hz acquisition) of surface QD-conjugated GluN2B-NMDAR within Homer 1c-GFP-labeled synaptic areas (gray) before
and after chemLTP in immature hippocampal neuron (9-12 div) in control (green), TBB (orange), and KN62 (red) conditions. Scale bar = 1 pum.

B Synaptic GIluN2B-NMDAR surface diffusion change (normalized to baseline for each condition) after cpemLTP in immature neurons (< 12 div) pre-incubated (15 min)
with either buffer (PBS, n = 3,388 trajectories, ***P < 0.001), CaMKII inhibitors KN93 (5 uM, n = 1,521, P > 0.05), AIP2 (5 pM, n = 1,199, P > 0.05), or KN62 (5 pM,

n = 3,088, P> 0.05), PKC inhibitor G66976 (10 pM, n = 3,175, *P < 0.05), PKA inhibitor KT5720 (10 uM, n = 847, *P < 0.05), and CK2 inhibitors TBB (10 uM, 4 h
pre-incubation, n = 3,322, P > 0.05) or TMCB (10 puM, n = 1,200, P > 0.05). Kruskal-Wallis followed by Dunns Multiple Comparison Test, for all P-values.

C Mean extrasynaptic and synaptic GluN2B-NMDAR diffusion coefficients in control condition (extrasynaptic, n = 6,160 trajectories; synaptic, n = 4,199 trajectories), in
the presence of the CK2 inhibitor TMCB (10 pM; extrasynaptic, n = 7,889 trajectories; synaptic, n = 2,427 trajectories; Mann-Whitney test, P > 0.05 compared to
control) or the CaMKII inhibitor AIP2 (5 pM; extrasynaptic, n = 772 trajectories; synaptic, n = 86 trajectories; Mann-Whitney test, ***P < 0.0001 compared to control),
and mean extrasynaptic and synaptic GIuN2B-(R1300Q/S1303D)-NMDAR diffusion coefficients (GIuN2B-RQ/SD; extrasynaptic, n = 880 trajectories; synaptic, n = 29
trajectories; Mann-Whitney test, ***P < 0.0001 compared to control).

D Representative trajectories (25-s duration, 20-Hz acquisition) of surface QD-conjugated GIuN2B-(R1300Q/51303D)-NMDAR(GIuN2B-RQ/SD) within Homer 1c-GFP-
labeled synaptic areas (gray) before and after chemLTP in immature hippocampal neuron (9-12 div). Scale bar = 1 pm.

E Synaptic GIuN2B-SEP and GIuN2B-RQ/SD surface diffusion change (normalized to baseline for each condition) after chemLTP (GIUN2B-SEP, n = 1,498 trajectories,
baseline versus cpemLTP, Student’s t-test, **P < 0.01; GIuN2B-RQ/SD, n = 323 trajectories, baseline versus cnemLTP, Mann-Whitney test, P < 0.05).

Data information: In (B), (C) and (E), data are presented as mean =+ s.e.m.

CaMKII-GFP remained unaltered (Fig 8D, Supplementary Fig S6A). between GluN2B and CaMKII plays a key role in the spine trafficking
Remarkably, the same was observed in non-treated neurons express- of CaMKII during the onset of plasticity. Because the trafficking of
ing GluN2B-RQ/SD (Fig 8D), indicating that the direct interaction other intracellular interactors of NMDAR could also potentially be
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Figure 8. The activity-dependent shift in CaMKII dynamics within dendritic spines is regulated by GluN2B-NMDAR dynamics.

A Representative immunoblots showing the immunoprecipitation (IP) of CaMKIl (o form) and phospho-CaMKII-Thr286 with GIuN2B in membrane fractions from
hippocampal slices (P17-20 rats) incubated with buffer (control) or GIuN1 x-link. Lower panel: the ratio between CaMKIl and GIuN2B optical densities is represented
(n = 3 independent experiments). SM, start material; No Ab., no antibody; Cont., control.

B CaMKII-GFP was detected and imaged in spines before (basal) and after chemLTP in control and GluN1x-link conditions. Scale bar = 1 um. Lower panel: CaMKII-GFP
fluorescence intensity was compared between these conditions (basal: n = 6 neuronal fields, N = 765 spines; chemLTP: n = 11 neuronal fields, N = 1,688 spines;
basal versus c,emLTP, Student’s t-test, ***P < 0.0001; x-link GIuN1: n = 7 neuronal fields, N = 955 spines; x-link GIUN1+cemLTP: n = 9 neuronal fields, N = 1,728
spines; x-link GIuN1 versus x-link GIUN1+emLTP, Student’s t-test, *P < 0.05).

C Time-lapse imaging of CaMKII-GFP in hippocampal dendritic spines in basal (light and dark green dotted circles) or FRAP (purple dotted circle) conditions. Scale
bar = 1 um. Lower panel: the fluorescence intensity was measured and plotted over time. CaMKII-GFP fluorescence was stable over time in basal condition. Note
the recovery after photobleaching of the CaMKII-GFP fluorescence up to nearly 60% of its initial value, indicating a 60% mobile fraction.

D FRAP imaging of CaMKII-GFP in control, ¢hemLTP, GIUNL x-link, GIUN X-link +cpemLTP, GIUN2B-RQ/SD, and GIuN2B-RQ/SD + chemLTP conditions. Scale bar = 2 um.
The dotted line circles represent the photobleached areas. Time (t) is expressed in seconds. Right panel: normalized variation of the CaMKII-GFP mobile fraction in
basal (n = 6 dendritic fields), chemLTP (n = 10 dendritic fields, Student’s t-test, *P < 0.05 compared to control), GIuN1 x-link (black, n = 6 dendritic fields), GluN1
X-link+cpemLTP (n = 11 dendritic fields, Student’s t-test, P > 0.05 when compared to GIuN1 x-link), GIuN2B-RQ/SD (n = 9 dendritic fields), and GluN2B-RQ/
SD+chemLTP (Student t-test n = 19 dendritic fields, Student’s t-test, P > 0.05 when compared to GIuN2B-RQ/SD) conditions.

Data information: Bars in bar graphs represent mean =+ s.e.m.
Source data are available online for this figure.
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altered by e LTP, we next investigated the dynamics of a PDZ-con-
taining scaffold protein, that is, PSD-95, which physically binds
NMDAR to stabilize them at the synapse (Bard et al, 2010). We
found that cpeLTP does not change the mobile fraction of PSD-95,
either in basal condition or in the presence of GluN1 x-link
(Supplementary Fig S6B). Thus, contrary to CaMKII, PSD-95
trafficking within spines is not linked to the surface diffusion of
NMDAR. Collectively, these data demonstrate that there is a
functional link between the dynamics of surface NMDAR and
intracellular CaMKII during synaptic plasticity. In addition to the
well-described role of the enzymatic activity of CaMKII in the induc-
tion of LTP (Bayer et al, 2006; Sanhueza et al, 2011; Halt et al, 2012;
Lisman et al, 2012), we now provide the first evidence that through
their physical interaction, modifications of NMDAR surface
dynamics directly impact on the trafficking and subcellular localiza-
tion of CaMKI]I, thereby affecting the plastic range of synapses.

Discussion

Using a combination of high-resolution single nanoparticle tracking,
bulk imaging, and electrophysiological approaches, we here demon-
strate that acute changes in the GluN2B-NMDAR surface dynamics
regulate LTP at glutamatergic synapses in maturing hippocampal
neurons. During LTP, we have observed an NMDAR-, CaMKII-, and
CKII-dependent fast lateral escape of synaptic GluN2B-NMDAR.
Preventing this surface relocation i) alters the activity-dependent
change in CaMKII intracellular dynamics in spines, which is oper-
ated by the direct interaction between GluN2B subunit and CaMKII,
and ii) prevents LTP at glutamatergic synapses from immature hip-
pocampal networks. Together, these data provide the first evidence
for a non-canonical and key role of GluN2B-NMDAR surface dynamics
in controlling the adaptation of glutamatergic synapses in the
young hippocampus (Fig 9).

Although rapid changes in postsynaptic glutamate receptors, such
as AMPAR, have been observed during long-term synaptic plasticity,
NMDAR were considered to be highly stable during synaptic
rearrangements (Malinow & Malenka, 2002). This view was,
however, challenged by several reports showing that the NMDAR
signaling slowly changed, in the hour range, during long-term

v 2
CAMKII
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synaptic plasticity processes such as LTP (Muller & Lynch, 1988;
Bashir et al, 1991; Berretta et al, 1991; Xie et al, 1992; O’Connor
et al, 1994; Xiao et al, 1995; Grosshans et al, 2002; Watt et al,
2004; Morishita et al, 2005; Harney et al, 2008; Harnett et al,
2009). This slow, long-term change in NMDAR signaling has been
proposed, for instance, to contribute to the maintenance of the
synaptic homeostasis after the AMPAR transmission increase (Watt
et al, 2004), or to the control of the metaplastic range of synapses by
spatially and locally adjusting the GluN2B-NMDAR content (Kwon &
Castillo, 2008; Rebola et al, 2008, 2011; Ireland & Abraham, 2009;
Lee et al, 2010). Rapid changes in NMDAR signaling have also been
observed following LTP induction in the hippocampus (Bellone &
Nicoll, 2007). In the CAl area of neonatal rats, the GluN2A/2B-
NMDAR synaptic ratio rapidly increases after LTP induction through
a decreased contribution of synaptic GluN2B-NMDAR (Bellone &
Nicoll, 2007). Taking advantage of the high pointing accuracy
(~20-30 nm) of the single nanoparticle approach, we here provide
the first evidence that LTP induction is indeed associated with a local
and rapid lateral redistribution of surface GluN2B-NMDAR. The spe-
cific involvement of the GluN2B-NMDAR subtype is fully consistent
with its high surface dynamics when compared to GluN2A-NMDAR
(Groc et al, 2006). It is also in line with its higher content in the
periphery of the postsynaptic areas (Shinohara et al, 2008), a
strategic location from where it can be rapidly trafficked from/
toward the postsynaptic density. The dynamic properties of surface
GluN2B-NMDAR thus represent an additional molecular mechanism
controlling the adaptation of glutamatergic synapses in immature
neurons. Since the number of NMDAR in the hippocampal CA1 area
is in the range of 20-50 per synapse (Shinohara et al, 2008), a lateral
redistribution of only 4-10 NMDAR (~20% reduction) could
profoundly alter the plastic range of a given synapse, likely
through changes in GluN2-NMDAR-dependent calcium tran-
sients and their related signaling cascades in the spine (Sobczyk
et al, 2005; Sobczyk & Svoboda, 2007). This is further consistent
with data suggesting that a 20-30% reduction in the availability of
synaptic NMDAR due to reduced occupancy of the NMDAR co-
agonist site can block LTP induction (Henneberger et al, 2010).
Finally, an exciting study demonstrated that ligand binding to
NMDAR is sufficient to induce synaptic long-term depression in
cation flow- and Ca? *.independent manner (Nabavi et al, 2013).

...potentiated synapse
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s- ‘o..
ey

Basal ...during LTP
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Figure 9. Schematic model of the dynamic interplay between surface GluN2B-NMDAR and CaMKII during synaptic long-term potentiation (LTP).
In basal conditions, GIluN2B-NMDAR surface diffusion is regulated by the activity of CaMKII. During activity-dependent changes in glutamatergic synaptic transmission,
increased surface dynamics of GIluN2B-NMDAR favors the intracellular redistribution of CaMKII through their direct interaction, promoting the accumulation of CaMKIl in

spines.
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Considering that impairing the activity-elicited surface redistribution
of GluN2B-NMDAR without affecting NMDAR-mediated synaptic
currents or calcium influx was sufficient to prevent LTP, NMDAR
surface dynamics clearly emerges as a key controller of glutamate
synapse plastic range.

Although the complete molecular cascade remains to be deter-
mined, we show that changes in GluN2B-NMDAR surface dynamics
underlie the activity-dependent recruitment and accumulation of
CaMKII to the postsynaptic compartment, a process that requires
the direct interaction between GIuN2B subunit and CAMKII. We
propose that, following NMDAR activation in immature neurons,
CaMKII binds GluN2B-NMDAR and rapidly increases its lateral
diffusion in the spine area. This in turn functionally impacts on the
intracellular dynamics and redistribution of CaMKII from the den-
dritic shaft to the postsynaptic compartment, providing a rapid and
efficient way to modulate the spine content in CaMKII. In addition,
we show that the dynamic remodeling of GluN2B-NMDAR following
LTP depends on both CaMKII and CKII activation. This is fully con-
sistent with recent studies showing that CKII is directly involved in
the GIuN2B to GluN2A subunit switch during development and
plasticity through an active interplay with CaMKII (Sanz-Clemente
et al, 2010, 2013; Matta et al, 2011). It should, however, be men-
tioned that both PKA and PKC have been previously involved in the
plasticity of glutamate synapses, and the fact that they do not partic-
ipate in the LTP-induced lateral redistribution of GluN2B-NMDAR
simply indicates that under our specific conditions (e.g., develop-
mental stage, neuronal preparation), they are not the drive control-
ling the relocation of surface NMDAR. At this point, we cannot
exclude that other protein kinases and signaling cascades may par-
ticipate in the synaptic redistribution of NMDAR. Additional studies
investigating whether the developmental stage, the brain area, or
the activity pattern differentially affects protein kinase recruitment
and GluN2-NMDAR surface dynamics will be of particular interest.

In mature neurons, the absence of change in GluN2B-NMDAR
surface dynamics during LTP and the modest effect of GluN1 x-link
on LTP at CA3-CAl synapses indicate that NMDAR surface dynam-
ics play different roles in immature and mature hippocampal
networks. This observation is consistent with electrophysiological
recordings at CA3-CAl synapses showing that activity-dependent
changes in NMDAR signaling are only observed in neonatal rats
(Bellone & Nicoll, 2007). Together with the fact that NMDAR-depen-
dent LTP in the developing and mature brains shares similar induc-
tion conditions but displays clear discrepancies (e.g., protein kinase
required, synapse unsilencing, GluA subunit trafficking) (Durand
et al, 1996; Isaac et al, 1997; Zhu et al, 2000; Liao et al, 2001;
Yasuda et al, 2003; Abrahamsson et al, 2008), our present data sug-
gest that the rapid lateral mobilization of surface GluN2B-NMDAR
during developmental LTP in the hippocampus is a novel feature of
immature synapses. During the postnatal period in the hippocam-
pus, the number of mature glutamate synapses steadily increases,
mostly due to the incorporation/stabilization of AMPAR at imma-
ture synapses (Durand et al, 1996; Hsia et al, 1998; Yasuda et al,
2003; Abrahamsson et al, 2008). Interestingly, the surface diffusion
of NMDAR changes during development as exhibited by the lower
dynamic retention of GluN2B-NMDAR (i.e., synaptic dwell-time) in
the area of mature synapses (Tovar & Westbrook, 2002; Groc et al,
2006). The maturation of glutamatergic synapses is thus paralleled
by a shift in the surface dynamics of GluN2B-NMDAR, eventually
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leading to a reduced lateral mobility of receptors in mature syn-
apses (Hanse et al, 2009). At the molecular level, one may expect
that the machineries controlling GluN2B-NMDAR surface dynamics
and synaptic anchorage are also developmentally regulated. Inter-
estingly, the extracellular protein reelin which is expressed early in
the development and supports synaptic maturation and plasticity
(Frotscher, 2010) strongly and specifically regulates GluN2B-
NMDAR surface trafficking (Groc et al, 2007a). Furthermore, PSD
proteins such as PSD95 and SAP102 (Bard et al, 2010), extracellular
matrix compounds such as matrix metalloproteases (Michaluk et al,
2009), or co-agonists such as D-serine and glycine (Papouin et al,
2012) are established modulators of NMDAR surface trafficking and
developmental maturation of glutamate synapses. Finally, the pres-
ence of a substantial amount of triheteromeric GIuN1/2A/2B-
NMDAR in mature glutamate synapses (Sheng et al, 1994; Gray
et al, 2011; Rauner & Kohr, 2011; Tovar et al, 2013) may add
another layer of complexity to the activity-dependent regulation of
NMDAR surface dynamics. Investigating the precise mechanisms
controlling GluN2B-NMDAR surface trafficking during synaptic
plasticity and testing whether these processes could be reinitiated in
mature networks will be of particular interest.

The requirement for NMDAR activation in the establishment of
learning and memory functions in rodents has been extensively
reported over the last decades, starting from the second half of the
first postnatal month. In humans however, this exploration has
been limited by the lack of non-invasive methods and our knowl-
edge of NMDAR function mostly relies on the psychiatric
symptoms observed in patients under NMDAR-related drugs of
abuse (e.g., PCP, ketamine). Using purified anti-NMDAR autoanti-
bodies from patients suffering autoimmune encephalitis, we here
provide evidence that human antibodies affect the surface dynam-
ics of NMDAR and thereby prevent LTP expression in hippocampal
neurons. Consistent with the role of NMDAR-dependent LTP in
learning and memory, patients expressing these autoantibodies
suffer from short-term memory deficits that disappear upon anti-
body dialysis. Since it contributes to the regulation of synaptic
adaptations in physiological conditions, NMDAR surface dynamics
could constitute a potential therapeutic target in brain dysfunctions
involving synaptic plasticity deficits. Consistently, it has been
recently shown that AB-induced synaptic signaling dysfunction is
mediated by a non-canonical, ion flux-independent alteration of
NMDAR (Kessels et al, 2013). Investigating the potential alterations
of NMDAR surface trafficking and conformation in neuropsychiatric
disorders such as neurodegenerative diseases or schizophrenia

could thus help us shed new lights on the relationship
between receptor surface dynamics and neuronal network
pathophysiology.

Materials and Methods

Cell culture, protein expression, synaptic live staining,
and immunocytochemistry

Cultures of hippocampal neurons were prepared from E18 Sprague-
Dawley rats following a previously described method (Mikasova
et al, 2012). Briefly, cells were plated at a density of 200-300 x 10°
cells per dish on poly-lysine-pre-coated coverslips. Coverslips were

© 2014 The Authors
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maintained in a 3% serum-containing neurobasal medium. This
medium was replaced after 4 days in vitro (div) by a serum-free
neurobasal medium and kept as previously indicated. Cultures were
kept at 37°C in 5% CO, for 20 div at maximum. For live imaging,
neurons were transfected with GluN1-SEP, GluN2B-SEP, CaMKII-
GFP, PSD-95-GFP, or Homer 1c-DsRed at 7-14 div using the Effecten
transfection. To label synapses, the postsynaptic marker Homer
1c-GFP or DsRed was expressed alone (for QD experiments) or
co-expressed with GluA1-SEP or GluN1-SEP for the time-lapse and
FRAP experiments. The vast majority of Homer 1c-GFP clusters
co-localize with pre-synaptic markers (Ehlers et al, 2007). To
express GIuN2B-SEP in organotypic slices, we used a gene-gun
biolistic approach in 8-10 div cultured slices. For immunostaining,
surface GluA2-AMPAR were specifically stained using a monoclonal
anti-GluA2 subunit antibody (1:100) for 15 min on live neurons at
37°C in culture medium. For the quantification of surface AMPAR
staining within individual synapses, the Shank (1:1,000 primary
antibody) staining served as a mask filter to isolate surface GluA2
subunit staining in individual Shank clusters. The integrated fluores-
cence level over the Shank cluster area was then measured for each
cluster. The fluorescence analysis was performed using imaging
tools from Metamorph software (Universal Imaging Corporation,
PA, USA).

Single quantum dot tracking and surface diffusion

As previously described (Groc et al, 2004, 2006, 2007b; Bats et al,
2007; Heine et al, 2008), quantum dots (QD) 655 goat F(ab’), anti-
rabbit IgG (Invitrogen) were first incubated for 30 min with 1 pl of
the polyclonal antibodies against GluN2A (Alomone Labs; epitope
corresponding to residues 41-53 of GluN2A subunit) or GluN2B
subunits (Alomone Labs; epitope corresponding to residues 323-337
of GIuN2B subunit). Images were obtained with an acquisition time
of 50 ms with up to 1,000 consecutive frames. Signals were detected
using an EMCCD camera (Quantem, Roper Scientific). The instanta-
neous diffusion coefficient “D” was calculated for each trajectory,
from linear fits of the first four points of the mean square displace-
ment versus time function using MSD(t) = < r* > (t) = 4Dt. To
determine the distribution and synaptic fraction of single QD com-
plexes, frame stacks were obtained and on each frame the receptor/
particle complexes were precisely located in synaptic, perisynaptic,
and extrasynaptic compartments. Then, those locations were
projected on a single image, providing a high-resolution distribution
of the receptor/QD complexes.

Fluorescent recovery after photobleaching and cluster
fluorescence intensity

GluN1-SEP, GIuN2B-SEP, GluA1-SEP, CaMKII-GFP, PSD-95-GFP,
and/or Homer 1c-DsRed co-transfected neurons were imaged on an
inverted confocal spinning-disk microscope (Leica). Fluorescence
was excited using a monochromator controlled by Metamorph soft-
ware (Universal Imaging, USA). To photobleach locally, we used a
Saphire laser 488 nm at 50% power to avoid photodamage.
Recovery from photobleaching was monitored by three consecutive
acquisition periods at 2-, 0.5-, and 0.1-Hz acquisition rates,
respectively. Clusters were imaged over a period of 30 min. Fluores-
cence intensity was measured using Metamorph software (universal

© 2014 The Authors
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imaging, USA) and corrected for photobleaching and background
noise.

Chemically induced potentiation (chemLTP) and
cross-link (x-link) protocol

As previously described (Lu et al, 2001; Park et al, 2004, 2006;
Wang et al, 2008), chemically induced long-term potentiation
(chemLTP) was elicited by a bath co-application of glycine (200 uM)
and picrotoxin (5 uM) for 4 min. For some experiments, chemically
induced LTP was elicited by a similar bath co-application of forsko-
lin (50 uM), rolipram (100 nM), and picrotoxin (5 uM). In all live
experiments, e LTP was always applied after a period of baseline
acquisition and the medium was carefully replaced by fresh equili-
brated and heated medium after induction. As previously described
(Groc et al, 2008; Heine et al, 2008), for the x-link experiments,
neurons were co-transfected with GluN1-SEP or GluN2B-SEP and
Homer 1c-DsRed and incubated with highly concentrated (1:20)
polyclonal antibodies directed against GluN1 (Alomone Labs;
epitope corresponding to residues 385-399 of the GIuN1 subunit),
GIluN2B (Alomone Labs; same as above), GluN2A (Alomone Labs;
same as above) NMDAR subunits or against GFP (Chemicon). For
autoimmune anti-NMDAR antibodies, cerebrospinal fluid was
obtained from different patients with typical encephalitis with
antibodies to GluN1/GIuN2 heteromers of the NMDAR (see for
details, Mikasova et al, 2012), and IgG were purified (concentration
2 mg/ml) as previously described (Manto et al, 2007).

In vivo hippocampal injection

Briefly, P10-15 Sprague-Dawley rats were anesthetized by inhalation
of isoflurane. The stereotaxic coordinates for the injection of anti-
NMDAR antibodies in the dorsal hippocampus were adapted according
to the age of the animals (coordinates relative to bregma, from AP:
—3 mm, ML: £+ 1.8 mm, DV: —2 mm at P10, to AP: —4.5 mm,
ML: 4+ 2.2 mm, DV: —2.5 mm at P15). A total of 500-1,000 nl of
anti-NMDAR antibodies dissolved in a PBS solution was injected
per brain hemisphere.

Electrophysiology

Patch-clamp recordings. For cultured hippocampal neuron record-
ings, cells were transferred to a recording chamber and continuously
superfused with an external solution heated to 37°C and containing
(in mM): 145 NacCl, 2.5 KCl, 10 HEPES, 10 p-glucose, 2 MgCl,, and 2
CaCl, adjusted to pH 7.4 with NaOH. Electrodes (4-5 M) were
filled with a solution containing the following (in mM): 125 cesium
methanesulfonate, 2 MgCl,, 1 CaCl,, 10 HEPES, 10 EGTA, 4
Na2ATP, 0.4 Na3GTP, and 5 QX-314 adjusted to pH 7.25 with CsOH.
Spontaneous NMDA-mediated excitatory postsynaptic currents
(sEPSCs) were recorded at +40 mV in the presence of the GABA,
receptor antagonist bicuculline (20 pM) and the AMPA receptor
antagonist NBQX (10 uM; Sigma-Aldrich, St. Louis, MO). For CAl
patch-clamp recordings, P10-15 Sprague-Dawley rats were anesthe-
tized with isoflurane and parasagittal brain slices (350-pum thick)
were prepared and stored at room temperature in an artificial CSF
(ACSF) solution containing (in mM): 126 NacCl, 3.5 KCl, 2 CaCl,, 1.3
MgCl,, 1.2 NaH,PO,4, 25 NaHCOs;, and 12.1 glucose (gassed with
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95% 0,/5% CO,; pH 7.35). Electrodes (4-5 MS2) were filled with a
solution containing (in mM): 120 cesium methanesulfonate, 4 NaCl,
4 MgCl,, 10 HEPES, 0.2 EGTA, 4 Na2ATP, 0.33 Na3GTP, and 5
phosphocreatine adjusted to pH 7.3 with CsOH. EPSCs were evoked
at a rate of 0.05 Hz using an ACSF-filled glass microelectrode posi-
tioned in the stratum radiatum to stimulate Schaffer collaterals. Cur-
rents were recorded in the presence of bicuculline (20 pM) in order
to block GABA, receptors. LTP was induced by a pairing protocol
consisting of 200 Schaffer collateral stimulations at 2 Hz while
depolarizing the postsynaptic cell to —5 mV. The access resistance
was monitored throughout the experiment, and data were discarded
when it changed by > 20%.

fEPSP recordings. Hippocampal slices were prepared from P15 to
17 Wistar rats. fEPSP were evoked alternately at 0.1 Hz at two inde-
pendent synaptic inputs in the CA1l stratum radiatum. LTP was
induced by a 20-impulse 100-Hz train repeated five times with 10 s
between trains. GABAergic inhibition was blocked by picrotoxin
(100 puM).

Co-immunoprecipitation and western blot

P2 crude membrane fractions were prepared from hippocampal
slices of P17-20 Sprague-Dawley rats obtained as described above.
P2 pellets were solubilized with a Triton buffer and 100-150 g of
total protein was incubated with protein A coated with an anti-
GluN2B antibody overnight at 4°C. After a 5-min denaturation step
at 95°C, samples (without beads) were separated by SDS-PAGE and
blotted onto a nitrocellulose membrane. After blocking, membranes
were hybridized with an anti-GluN2B antibody (1:2,000, Rabbit poly-
clonal Ab, Molecular Probes), an anti-CaMKII antibody (1:200, Santa
Cruz), or an anti-phospho-CaMKII (Thr 286) antibody (1:1,000,
Millipore). Detection was performed using the SuperSignal West
Femto Maximum Sensitivity Substrate detection System (Pierce)
revealed with a Chemigenius system (Syngene). Quantification of
band intensity was performed using Genetools software (Syngene).

Supplementary information for this article is available online:
http://emboj.embopress.org
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